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Aerodynamic and Aeroacoustic Performance of Airfoils Fitted
with Morphed trailing edges
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and
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Experimental and numerical studies of a simple NACA 0012 airfoil fitted with two different flap pro-
files were successfully carried out to characterize their aerodynamic and aeroacoustic performance.
The airfoil was tested with two flap configurations with different flap camber and a flap deflection
angle of β = 10◦. The aerodynamic lift and drag measurements show improved lift-to-drag perfor-
mance for the morphed flap airfoil. Surface flow visualization has shown delayed separation for the
morphed flap airfoil. Flow measurements showed that the downstream wake development can be sig-
nificantly influenced by the flap profile. Particle Image Velocimetry was used to study the flow over
the flap and airfoil wake. The tests were carried out for a flow velocity of U∞ = 20 m/s, corresponding
to a chord-based Rec = 2.6 × 105. The mean velocity contours at the wake showed increased wake
deficit and turbulent kinetic energy for the morphed flap airfoil compared to the hinged flap airfoil.
The turbulent kinetic energy results displayed a characteristic double peak behavior which was also
the dominant content of the streamwise normal Reynolds shear stress component. Large eddy sim-
ulations were carried out for the two airfoils and the results were validated with the experimental
measurements. The boundary layer profile from the computations showed delayed separation. The
wall pressure spectra close to the trailing edge showed increased energy for the morphed flap airfoil
relative to the hinged flap airfoil. The Curle’s acoustic analogy was used to calculate the far-field
noise measurements and morphed flap airfoil showed increased noised compared to the hinged flap
airfoil.
Nomenclature
b = trailing edge flap length, m
c = airfoil chord length, m
CL = lift coefficient
CD = drag coefficient
l = airfoil span length, m
Lx × Ly × Lz = cell dimensions of computational grid
M = Mach number
pre f = reference pressure (= 2 × 10−5), Pa
Q = second invariant of the velocity-gradient tensor, 1/s2
Rec = chord-based Reynolds number
S = wing area, m2
U,U∞ = mean velocity, free-stream velocity, m/s
u′u′ = streamwise Reynolds normal stress component
v′v′ = crosswise Reynolds normal stress component
u′v′ = Reynolds shear stress component
x, y, z = streamwise, crosswise and spanwise coordinates, m
y+ = dimensionless wall distance
α = angle of attack, ◦
β = morphing flap tip deflection angle, ◦
Φpp = wall-pressure power spectral density, Pa2/Hz
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I. Introduction
SHAPE-ADAPTIVE structures are enabling wind turbine blades and aeroplane wings of improved performance withreduced weight and complexity penalty. Containing smooth geometric changes and continuous structural sur-
faces, these compliant light-weight control surfaces, which are increasingly known as morphing structures, remain
conformal to the flow. As such, significant noise and drag reduction are envisaged through morphing structures. It
is of fundamental importance in the concept synthesis of morphing structures to thoroughly investigate the flow be-
haviours and mechanisms of performance improvement.
Studies have shown that noise generated by kinetic energy scattering of turbulent eddies in the boundary layer as
they cross the wing’s trailing edge becomes dominant for aeroplanes in clean configuration with projected reduction of
the high-lift system noise [1]. As such, airfoil self-noise has been considered as an important component of airframe
noise during take-off and landing. Some of the currently employed passive methods for airfoil trailing edge noise
reduction includes serrated trailing edges [3, 4], porous surface treatments [5–8] and morphing trailing edges [9–12].
With the use of morphing surfaces our aim is to address transition delay, separation postponement, lift enhancement,
drag reduction, turbulence augmentation and noise suppression [13]. An ideal method of morphing should achieve the
control goal without affecting other goals adversely. However, in reality, continuous compromises and trade-offs have
to be made for a particular design goal as it is almost impossible to decouple the interlinked flow behaviour [13], i.e.
lift and drag forces and noise emission in the case of the high-lift systems.
Several studies of morphing structures have shown the smooth curvature has significant effects on aerodynamic
performance of airfoils. Most of the studies showed much interest on than the morphing structures and mechanism
[14–20] than the aerodynamic and aeroacoustic performance. An innovative trailing-edge morphing mechanism that
uses a honeycomb core with axial variable stiffness developed by Ai et al. [19, 20], was used as morphing profile for
the experimental and computational studies carried out by Jawahar et al. [10–12]. The recent study Jawahar et al. [12]
showed that small changes in the flap camber profile of the morphed flap can change the aerodynamic behaviour
significantly. The lift and drag were shown to be affected with flap with higher camber producing larger lift but with
higher drag. The boundary layer behaviour showed delayed separation for the morphed flap airfoil relative to the
conventional hinged flap configuration. The turbulence levels at the wake were also found to be significantly altered
with the morphed flap having higher magnitude. This study concluded that independent surface morphing would aid
in the favourable delayed separation while reducing the unfavourable increased drag.
Complimenting the previous study [12] the current experimental and numerical study investigates aerodynamic
and aeroacoustic behavior for a morphed and hinged airfoil with a trip. This paper presents a detailed aerodynamic
study with lift and drag measurements, surface flow visualization, Particle Image Velocimetry. Further high fidelity
Large Eddy Simulations were carried out and the results for the boundary layer measurements, wake flow structure,
unsteady surface pressure, coherence and far-field noise measurements were presented.
II. Wind Tunnel and Experimental Setup
NACA 0012 airfoil fitted with two different flaps have been experimentally tested at the low turbulence closed-circuit
wind tunnel facility at the University of Bristol. The wind tunnel has an octagonal working section of 0.8 m × 0.6 m ×
1 m, contraction ratio of 12:1, a maximum velocity of 100 m/s and operates with turbulence levels as low as 0.05% [21].
The tested NACA 0012 airfoil has a chord length of c = 0.2 m and a span length of l = 0.45 m. The boundary layer was
tripped at 0.1c (see Fig. 1a) on both the sides of the airfoil with a serrated turbulator tape having a height of 0.5 mm
and serration angle of 60◦ [22, 23]. The tests were carried out at a freestream velocity of U∞ = 20 m/s corresponding
to a chord-based Reynolds number of Rec = 2.6 × 105 at Mach number M ≈ 0.058. Two circular side-plates with a
radius of 0.17 m were used to reduce the three-dimensionality effects of the flow around the airfoil. The airfoil was
designed such that it facilitates installation of two interchangeable trailing edge flaps with a length of b = 0.06 m
(0.3c) and a deflection angle of, β = 10◦ (see Fig. 1b). Ai et al. [19, 20] tested the aerodynamic and aeroacoustic
performance of novel morphed flaps using Xfoil-BPM model. The results from these studies were then used to design
the morphed flap camber profiles and further experimental and computational studies [10–12] were carried out. In the
current study, NACA 0012 airfoil with morphed flap profiles (see Fig. 1b) having the lowest CL (Hinged Flap, HF) and
highest CL (Morphed Flap, MF) from the previous studies [10–12] were used to further understand the aerodynamic,
aeroacoustic and wake turbulence characteristics of the airfoils fitted with morphed flap.
To study the flow pattern over the morphed trailing edge oil-flow visualization tests were carried out. The airfoil
was covered with matt black vinyl sheet to visualize the flow better. A mixture of paraffin and oleic acid in a ratio
of 20:1 along with the white pigmenting agent titanium dioxide was used in the present study. In order to effectively
capture the boundary layer behavior, the consistency of the oil mixture was tested in order to have the inertial forces
of the oil mixture lower than viscous and surface tension forces [24, 25].
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The aerodynamic lift and drag force measurements were carried out using an AMTI OR6-7-2000 force platform
from Advanced Mechanical Technology Inc., mounted at the base of the set-up. The data were collected for a period
of 16 s with a sampling frequency of 2000 Hz, which deemed sufficient enough based on an uncertainty analysis of
the collected data.
The flow behavior around the airfoil and in the wake region was captured using Particle Image Velocimetry (PIV).
The PIV measurements were carried out using a Dantec DualPower 200 mJ Nd:YAG laser with a width of 1 mm and
wavelength of 532 nm placed mid-span of the airfoil. The laser sheet was set to have a time interval of 18 µs between
each pulse and a repetition rate of 2.5 Hz. A mixture of Polyethylene glycol 80 with a mean diameter of 1 µm was
used to seed the air inside the low turbulence wind tunnel. A total number of 2400 images for each measurement were
captured using a FlowSense 4 MP CCD camera with a resolution of 2078 × 2078 pixels and 14 bit, corresponding to
field view of 9.5 cm × 9.5 cm. As shown in Fig. 2, a total of three measurement windows of the same size were used
for every tested angle of attack. A matt black vinyl sheet was used to cover the airfoil to reduce the laser reflection
from the airfoil’s surface. The PIV images were analyzed with the DynamicStudio software from Dantec. The tests
were performed for angles of attack, α = 0◦, 2◦, 4◦, 6◦ and 8◦ at the freestream velocity of U∞ = 20 m/s, corresponding
to chord-based Reynolds number of Rec = 2.6 × 105.
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Fig. 1. a) NACA 0012 airfoil set up in the low-turbulence wind tunnel and b) Geometric details of the NACA 0012 airfoil with a trailing
edge deflection angle of β = 10◦ characterised into Hinged Flap and Morphed Flap airfoils.
Fig. 2. Camera window locations used for the PIV measurements.
III. Computational Setup
Large Eddy Simulations (LES) based on spatially filtered, incompressible Navier-Strokes equations with the dynamic
Smagorinsky subgrid scale model [26] was carried out to further investigate the airfoil flow characteristics. Previous
RANS and DES studies [10,11] were carried out to understand the aerodynamic and aeroacoustic characteristics of the
airfoil with morphed trailing edges. However, the aeroacoustic results showed narrowband peaks that developed due to
the boundary layer instabilities. Therefore in order to eliminate them, a boundary layer step-trip was employed in the
current study. A step-trip with a height of 8 mm (0.04c) and a length of 3 mm (0.015c) was placed at the location 0.1c
downstream the leading edge on both the sides of the airfoil. A three-dimensional multi-block structured C-H type
mesh with a domain size of 10c in the streamwise, 5c in the crosswise direction and 0.1c spanwise thickness [27–30]
was used. The step-trip airfoils had a cell distribution of Lx×Ly×Lz = 704×40×64 at regions close to the airfoil with
the 40 grid points within y = 0.035c close to the wall resulting in a y+ ≈ 0.5−1 . The far-field region around the airfoil
had a cell distribution of Lx × Ly × Lz = 352 × 150 × 32. The grid spacing along the streamwise direction corresponds
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to x+ ≈ 15 and is clustered toward the airfoil leading-edge and trailing edge. An area of 1.5c downstream of the
trailing edge was densely populated with 400 grid points in the streamwise direction to capture the wake behavior
accurately. In the spanwise direction, the grid spacing was uniformly distributed corresponding to z+ ≈ 20. The final
computational mesh had 11.5 million cells in total. A close-up view of the airfoil trailing edge mesh is shown in Fig. 3.
All the simulations were carried out for 30 flow through times (FTT) and the data were collected for only the last 10
FTT. A CFL value of Cmax ≤ 1 was maintained throughout the simulations with a time-step of ∆t = 2.2 × 10−6 s.
X
Y
Z
a) Hinged Flap
X
Y
Z
b) Morphed Flap
Fig. 3. Grid refinement close to the airfoil wall and the wake regions to capture the boundary layer transition over the flaps accurately.
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IV. Results and Discussion
A. Aerodynamic Force Measurements
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Fig. 4. Lift and drag coefficient results for the Hinged Flap and Morphed Flap airfoil at a freestream velocity of U∞ = 20 m/s (Rec =
2.6 × 105).
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Fig. 5. Lift-to-drag coefficient ratio results and the drag polar plots for the Hinged Flap and Morphed Flap airfoil at a freestream velocity
of U∞ = 20 m/s (Rec = 2.6 × 105).
The results of the aerodynamic force measurements for NACA 0012 airfoil fitted with the Hinged Flap (HF) and
Morphed Flap (MF) having a deflection angle of β = 10◦ is presented in Fig. 4. A serrated turbulator tape has been
used on both the sides of the airfoil surface to make the boundary layer flow turbulent. The tests were carried out for
angles of attack ranging from α = −5◦ to 15◦. The results of the lift coefficients CL − α presented in Fig. 4a show a
better overall lift performance for the MF airfoil compared to the HF airfoil. The CL-α curve of the MF airfoil has
an average lift increment of ∆CL = 0.191 compared to the HF airfoil over the tested angles of attack. The largest
difference in the lift coefficient between the HF and MF airfoil ∆CL = 0.222 was produced at α = −5◦ and the lowest
∆CL = 0.165 was produced at the stall angle of attack α = 13◦, which corresponds to a 14% increase in the lift
coefficient for the MF airfoil relative to the HF airfoil at CL,max. The MF airfoil reduces the angle of attack for a given
lift coefficient by α = 3◦ compared to the HF airfoil. The stall angle of both the airfoils remains unchanged, which
is consistent with the results in the literature [31]. The drag coefficient results CD − α presented in Fig. 4b show a
generic airfoil CD−α trend with lower values of CD at low angles of attack and increasing values of CD as the angle of
attack is increased. The difference in drag coefficient between the HF and MF airfoil was found to be ∆CD = 0.0148
at the angle of attack α = −5◦ with the MF airfoil having larger drag coefficient relative to the HF airfoil. The largest
difference in drag coefficient ∆CD = 0.0545 was found at the post-stall angle of attack α = 15◦ with the MF airfoil
producing higher CD values. In the pre-stall regions, the largest ∆CD = 0.0148 was found at the stall angle of attack
α = 13◦.
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The lift-to-drag coefficient ratio results and the drag polar curves for both the HF and MF airfoils are presented
in Fig. 5. The results for the lift-to-drag coefficient ratio are presented in the Fig. 5a. The results show a large differ-
ence in the lift-to-drag coefficient ratio between the HF and MF airfoil at low angles of attack and this difference in
performance between the airfoils decrease as the angle of attack is increased. The MF airfoil has an overall superior
aerodynamic lift performance compared to the HF airfoil. There is no or insignificant difference in the CL/CD perfor-
mance between the airfoils for angles of attack larger than α > 7◦. The largest difference in the lift-to-drag coefficient
ratio of ∆(CL/CD) = 0.984 was found between the HF and MF airfoil at the angle of attack α = −5◦ with the MF
airfoil portraying better performance with larger values of CL/CD. As the angle of attack is increased to α = 0◦ and
5◦ the differences in the ∆(CL/CD) value reduces to 0.852 and 0.328 respectively, which corresponds to an increased
performance of up to 26% and 6% for the MF airfoil relative to the HF airfoil. The largest value of CL/CD = 5.60 was
achieved by MF airfoil at α = 5◦. The results for the drag polar curves are presented in the right side of the Fig.5b. As
mentioned earlier, the MF airfoil reduces the angle of attack for a given lift coefficient by α = 3◦. The drag polar plot
shows that the MF airfoil produces slightly higher lift and a lower drag at α = 10◦ compared to the α = 13◦ of the HF
airfoil.
B. Surface Flow Visualization
a) HF, α = 0◦ b) MF, α = 0◦
c) HF, α = 2◦ d) MF, α = 2◦
e) HF, α = 4◦ f) MF, α = 4◦
g) HF, α = 8◦ h) MF, α = 8◦
Hinged Flap Morphed Flap
Fig. 6. The photographs of the oil-flow visualization patterns over the suction side of the Hinged Flap and Morphed Flap airfoil at the
vicinity of the flap tested at a freestream velocity of U∞ = 20 m/s (Rec = 2.6 × 105).
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The oil-flow visualization technique was used on both the suction and pressure sides of the airfoil to visualize the
boundary layer behavior and flow separation point on the airfoil flap surfaces. The tests were carried out for angles of
attack ranging from α = −4◦ to 16◦ in increments of 2◦. However, for the purpose of brevity, the results are presented
only for the suction side of the airfoil at angles of attack α = 0◦, 2◦, 4◦ and 8◦ in Fig. 6. The photographs of the oil-flow
visualization presented in Fig. 6 show the results of the HF airfoil in the left column and the MF airfoil results in the
right column with the different rows showing different angles of attack. At the first glance, the results clearly show
that for the HF configuration the boundary layer flow on the suction side of the airfoil separates at the hinge point of
the flap at x/c = 0.7 for all the presented angles of attack. For the MF airfoil, the flow does not separate over the
flap until x/c = 0.95 for angles of attack α = 0◦ and 2◦. As the angle of attack is increased the separation point on
the flap for the MF airfoil moves upstream to locations x/c = 0.8 and x/c = 0.75 for angles of attack α = 4◦ and 8◦,
respectively. Even though the test results are also available for the pressure side it is not presented due to the absence
of any unique flow feature or separation on the airfoil flap surfaces for the entire range of tested angles of attack. It is
also noteworthy that turbulent wedges that formed the of downstream of the serrated turbulator present at 0.1c were
also observeed in previous flow visualization studies [22, 23]. Smaller regions of recirculation were found in-between
the serration wedges which may have served to trip the flow and lead to the formation of the turbulent wedges. These
are seen as horizontal lines seen in the photographs in Fig. 6. The vertical lines seen in Fig. 6 are the shade arising due
to the pressure taps that lay below the black vinyl used to cover the airfoil.
C. Flow Visualization
The results of the mean velocity contours at the HF and MF airfoil flap and wake region, measured using PIV technique
are presented in Fig. 7. The tests were carried out at a freestream velocity of U∞ = 20 m/s and the results are presented
for angles of attack α = 0◦, 2◦, 4◦ and 8◦. In Fig. 7 the results for the MF airfoil are presented in the left column and
the results for the HF airfoil are presented in the right column. The normalized streamwise velocity results presented
in Fig. 7a, 7b, 7c and 7d show that for angles of attack α = 0◦ and 2◦, the flow separates at the hinge location x/c = 0.7
for the HF airfoil but remains close to the wall, whereas for the MF airfoil the flow separates only at x/c = 0.95. The
results for the MF airfoil show negative velocity close to the trailing edge indicating a separation bubble, which is
absent in the case of the HF airfoil. For the angle of attack, α = 4◦ shown in Fig. 7e and 7f, the flow separates at the
hinge point x/c = 0.7 for the HF airfoil whereas, the flow separates only at x/c = 0.9 for the MF airfoil. As the angle
of attack is increased to α = 8◦ for the HF airfoil the separation point remains unchanged but for the MF airfoil, the
separation point moves upstream to x/c = 0.85. The separation bubble close to the trailing edge of the MF airfoil at
α = 8◦ is substantially larger compared to the HF airfoil.
The normal components of the Reynolds stress tensors (u′u′, v′v′) are presented in Figs. 8 and 9 respectively,
over the flap and wake region of the HF and MF airfoils. The same color scales are used for each angle of attack
to facilitate comparison of the plots for the presented results. The boundary layer separation locations over the flap
region discussed above for both the HF and MF airfoil can be seen much more distinctively in the Reynolds stress
tensor plots presented in Figs. 8 and 9. The results of the streamwise normal Reynolds stress components (u′u′) in
Fig. 8 clearly shows two distinct regions of high u′u′ values found at the wake location for both the HF and MF airfoil
at all the presented angles of attack. For the angles of attack, α = 0◦ and 2◦ high values of u′u′ are found on both
the upper and lower side of the wake. The stresses on the wake upper side decay quicker compared to the wake lower
side at further downstream locations for both the airfoils. The MF airfoil has higher values of u′u′ on the upper side
relative to the HF airfoil for these two angles of attack. For the angles of attack α = 4◦ and α = 8◦, the values of
u′u′ are wider compared to the previously discussed lower angles of attack. The early separation at these angles of
attack gives rise to higher values of u′u′ over the flap surfaces for both the airfoils. The lower side of the MF airfoil
at α = 8◦ has the highest values of u′u′ compared to HF airfoil. These high values for the MF airfoil are due to the
tip of the trailing edge interfering with the flow at a higher angle relative to the trailing edge of the HF airfoil. The
contours of the crosswise normal Reynolds stress component v′v′ in Fig. 9 regions of increased magnitude closer to
the trailing edge. The MF airfoil produces higher values of v′v′ closer to the trailing edge relative to the HF airfoil for
all the presented angles of attack.
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Hinged Flap Morphed Flap
Fig. 7. Mean velocity contours from PIV for the Hinged Flap and Morphed Flap airfoils.
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Fig. 8. Streamwise normal Reynolds stress contours for the Hinged Flap and Morphed Flap airfoils.
D. Wake Development
The wake flow field of both the HF and MF airfoil was studied experimentally using PIV technique. Detailed line plots
from the PIV has been presented for six downstream locations in the mid-span position of the airfoil, x/c = 1.025,
1.05, 1.10, 1.20, 1.40 and 1.60 with the leading-edge tip assumed as the datum point as shown in Fig. 11. The tests
were performed for angles of attack, α = 0◦, 2◦, 4◦, 6◦ and 8◦ at the freestream velocity of U∞ = 20 m/s, corresponding
to Rec = 2.6 × 105.
The mean velocity profiles for angles of attack α = 0◦, 2◦, 4◦ and 8◦ are presented in Figs. 12. The velocity profiles
for all the presented angles of attack at the near-wake location x/c = 1.025 show an increased velocity deficit for the
MF airfoil relative to the HF airfoil. At further downstream locations x/c = 1.20, 1.40 and 1.60, the overall results
for all the presented angles of attack show that the wake velocity for the MF airfoil has an increased deflection angle
compared to the HF airfoil. The MF airfoil has increased velocity deficit relative to the HF airfoil at all the downstream
wake locations.
The non-dimensional turbulent kinetic energy (TKE) results from the PIV measurements for the HF and MF
airfoils at angles of attack α = 0◦, 2◦, 4◦ and 8◦ are presented in Fig. 13. The TKE magnitude results clearly show the
characteristic double peak wake behavior close to the trailing edge, which arises due to the boundary layers from the
upper and lower side. For all the presented angles of attack, at the near-wake location, x/c = 1.025 and x/c = 1.05
close to the trailing edge, it can be observed that the peak for the MF airfoil is higher peak magnitude toward the
pressure side. This is due to the interference of the MF airfoil trailing edge with the freestream flow. The TKE
magnitude for the HF airfoil is about 50% lower relative to the MF airfoil at this peak regions. The TKE magnitude
peak for the HF airfoils is up to 20% lower at the locations x/c = 1.10 and x/c = 1.20 relative to the MF airfoil. This
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e) f)
g) h)
Hinged Flap Morphed Flap
Fig. 9. Crosswise normal Reynolds stress contours for the Hinged Flap and Morphed Flap airfoils.
difference in the TKE magnitude between the two airfoils reduces at further downstream locations. At the far-wake
locations, x/c = 1.20, 1.40 and 1.60, it can be observed that the MF airfoil has a wider wake towards the pressure
surface than that of HF airfoil.The Reynolds shear stress components (u′v′) are presented in Figs. 10 and 14. The shear
stress u′v′ for the MF airfoil is larger than that of the HF airfoil at the near-wake locations x/c = 1.025, x/c = 1.05 and
x/c = 1.10 for all the presented angles of attack. However, the stresses at far-wake downstream locations are similar
between the two cases for all the presented angles of attack but with the MF airfoil having wider shear relative to the
HF airfoil due to the angle of the trailing edge tip to the freestream flow.
The aerodynamic behavior seen in the previous sections shows increased CL/CD for the MF airfoil compared to
the HF airfoil. The surface flow and the wake flow behavior show us that the MF airfoil has delayed separation and
increased turning angle. This increased turning angle aids in the increased lift seen before and the longer region of
attached flow near the trailing edge of the MF airfoil aids in the reduction of form drag. This hypothesis is also
supported by the flow behavior seen previously in the Gurney flap studies [32, 33].
E. Computational Fluid Dynamics
In addition to the experimental measurements and the discussions presented in the above sections, detailed LES studies
using dynamic Smagorinsky were carried out for selected angles of attack of α = 0◦ and α = 4◦ for both the HF and
MF airfoils. The following results will aid us to better understand the flow structures and aeroacoustic behavior of
the morphed airfoils. The wake velocity results from the experiments were used to validate the results from the
simulations.
The mean velocity results from the LES simulations are compared with the experimental measurements at the wake
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a) b)
c) d)
e) f)
g) h)
Hinged Flap Morphed Flap
Fig. 10. Reynolds shear stress contours for the Hinged Flap and Morphed Flap airfoils at a freestream velocity of U∞ = 20 m/s (Rec =
2.6 × 105).
Fig. 11. Airfoil coordinate system along with wake velocity measurements locations.
region for the HF and MF airfoil in Fig. 15. The results from the dynamic Smagorinsky model accurately predicts
the velocity deficit and dip location for both the angles of attack α = 0◦ and 4◦ at the near wake location. However,
the velocity deficit is slightly overpredicted by the simulation. The width of the wake validates very well with the
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Fig. 12. Wake velocity profiles for the Hinged Flap — and Morphed Flap - - - airfoils a freestream velocity of U∞ = 20 m/s (Rec = 2.6×105).
experimental measurements.
1. Pressure distribution
The results of the steady surface pressure distribution around both the HF and MF airfoils are presented in Figs. 16a
and 16b. A sudden secondary peak in the pressure coefficientCp at the step trip location for both the HF and MF airfoil
on the suction and pressure side can be distinctly seen in the presented results. This is due to the flow acceleration
over the step trip. The Cp distribution for both the airfoils reconciles with the normal trend just after x/c < 0.25. The
suction peak of the MF airfoil at the angle of attack α = 0◦ was 11% higher relative to the HF airfoil. For the angle
of attack α = 4◦ the suction peak of the MF airfoil was 8% higher relative to the HF airfoil. The results show that
the change in mean camber of the flap profile of length b = 0.3c at the trailing edge has an effect on the suction peak
close to the airfoil leading edge. The Cp distribution over the flap at regions x/c = 0.7 − 1.0 for the HF and MF airfoil
show significant differences between the airfoils. A third small peak in the Cp distribution on the suction side of the
HF airfoil can be seen at x/c = 0.7. This arises due to the impingement of the flow on to the small bulge from the
hinge point of the HF airfoil and can be seen for both the presented angles of attack. This third peak on the suction
side is absent for the MF airfoil due to the smooth curvature of the flap profile. The results clearly show that the MF
airfoil has a larger pressure difference over the entire flap region relative to the HF airfoil. This increased suction peak
on the leading edge and increased pressure difference over the flap surfaces for the MF airfoil relative to the HF airfoil
corresponds with the increased CL previously seen in Sec.IV.A.
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Fig. 13. Wake turbulent kinetic energy profiles for the Hinged Flap — and Morphed Flap - - - airfoils at a freestream velocity of U∞ = 20 m/s
(Rec = 2.6 × 105).
The non-dimensional pressure root mean squared over the airfoil surface is presented in Figs. 16c and 16d. The
unsteady pressure distribution over the flap surface provides some insight into airfoil trailing edge noise. The results
show increased fluctuations on the suction side of the HF airfoil at the hinge point location x/c = 0.7 but the surface
pressure fluctuations subside after location x/c ≈ 0.85. For the MF airfoil, the highly unsteady surface pressure can be
seen at region x/c = 0.9− 1.0 closer to the trailing edge for both the angles of attack. The higher pressure fluctuations
closer to the trailing edge of the MF airfoil would potentially lead to higher noise production compared to the HF
airfoil.
2. Wake Flow Structure
The flow field over the airfoil and in the wake region are visualized using iso-surfaces of Q-Criterion and are presented
in Fig. 17. The results are presented with contours of vorticity magnitude and iso-surfaces of Q-criterion of Q =
1 × 106s−2. The results show that the simple step-trip was sufficient to make the flow turbulent over the airfoil. The
green-colored iso-surfaces of Q-Criterion indicate flow separated regions. The separated regions can be seen right
behind the step-trip x/c = 0.1 and also right after the flap hinge point for the HF airfoil and close to the trailing edge
for the MF airfoil.
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Fig. 14. Reynolds shear stress components for the Hinged Flap — and Morphed Flap - - - airfoils at a freestream velocity of U∞ = 20 m/s
(Rec = 2.6 × 105).
3. Boundary Layer Measurements
The non-dimensional boundary layer velocity profiles can show the separation of the flow over the flap surfaces.
The boundary layer results from the LES are presented for angles of attack α = 0◦ and 4◦ in Figs. 22a and 22b,
respectively. The results for the angle of attack α = 0◦ and 4◦, at streamwise location x/c = 0.65, before the flap
hinge point show that the difference between the HF (solid line) and MF (dashed line) airfoil is insignificant. At the
streamwise location, x/c = 0.75, the flow appears to be still attached to the surface for both the HF and MF airfoil
with HF airfoil having increased velocity deficit. At further downstream locations, x/c = 0.85 and 0.95, the sudden
decrease in the velocity gradient (δU/δy) for the HF airfoil determines the boundary layer separation. For the MF
airfoil, the boundary layer separation can be seen only at near the trailing edge at x/c = 0.95. These results correspond
to flow separation previously seen in the experimental results of surface flow visualization and PIV measurements in
Figs. 6 and 7. The same trend was also observed in the Cp measurements in Fig. 16, where the increased fluctuations
denoted the separation points.
4. Wall Pressure Spectra
The power spectral density Φpp of the surface pressure on the suction side for the HF and MF airfoils are presented
in Fig. 19. The results in the left column are presented for angles of attack α = 0◦ and the right column are presented
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Fig. 15. Wake velocity profiles for the Experimental measurements and LES are compared for a freestream velocity of U∞ = 20 m/s
(Rec = 2.5 × 105).
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Fig. 16. Pressure coefficient and pressure root mean squared over the airfoil surface for Hinged Flap and Morphed Flap airfoils at angles
of attack α = 0◦ and 4◦.
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Fig. 17. Iso-surfaces of Q-criterion of Q = 1 × 106s−2 for Hinged Flap and Morphed Flap airfoil with contours of vorticity magnitude for a
freestream velocity of U∞ = 20 m/s (Rec = 2.6 × 105).
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Fig. 18. Boundary layer velocity profiles on the suction side at various streamwise locations of the Hinged Flap (solid line) and Morphed
Flap (dashed line) airfoils at angles of attack α = 0◦ and α = 4◦ for a freestream velocity of U∞ = 20 m/s (Rec = 2.6 × 105).
for 4◦. The results are presented at mid-span for three important streamwise locations, x/c = 0.75 right after the
flap hinge, x/c = 0.85 and x/c = 0.95 close to the trailing edge. The wall-pressure spectra at the selected locations
are important for far-field noise prediction as they are the input parameters for Curle’s analogy used in this study.
For both the presented angles of attack α = 0◦ and 4◦, at x/c = 0.75 the results show the spectra is up to 20 dB
higher for the HF airfoil over the entire presented frequency range (100 Hz to 10 kHz) relative to the MF airfoil. This
corresponds with the increased prms seen at location x/c = 0.75 in Fig. 16. This broadband behavior is expected due
to the fully turbulent flow over both the airfoils. The wall-pressure spectra results for both the airfoils presented in
Fig. 19 at x/c = 0.85 show that the spectra are up to 5 dB higher for the HF airfoil at low to medium frequency range
( f ≤ 4 kHz). At further downstream locations close to the trailing edge x/c = 0.95, the MF airfoil has up 10 dB higher
spectral levels at low to medium frequency range ( f ≤ 2 kHz) relative to the HF airfoil. This also corresponds with the
higher unsteady surface pressure and separated surface flow close to the trailing edge seen earlier in the prms results
(Fig. 16) and surface flow visualization results (Fig. 6).
The spanwise coherence function γ2pip j based on the fluctuating surface pressure are calculated using the Eq. 1,
where N is the number of transducers. The iso- coherence contours as a function of frequency and spanwise separation
for the suction side are presented in Fig. 20. The results clearly show that the MF airfoil for both the angles of attack
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α = 0◦ and 4◦ at location x/c = 0.95 has increased the coherence of the flow structures for frequencies below 3 kHz
relative to the MF airfoil. The surface pressure coherence on the spanwise direction on the suction side at location
x/c = 0.95 is presented in Fig. 21. The coherence drops considerably for all frequencies except for MF airfoil at kc = 1
( f = 273 Hz). Therefore, the present computational domain is sufficient enough for calculation the airfoil noise over
a wide frequency range.
γ2pip j ( f ) =
| Gpip j ( f ) |2
| Gpipi ( f ) || Gp jp j ( f ) |
for pi = 1 and p j = 1, 2, 3, ...,N. (1)
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Fig. 19. Suction side wall-pressure spectra with reference to 2 × 105 Pa, at different streamwise locations for Hinged Flap and Morphed
Flap airfoils at angles of attack α = 0◦ and 4◦ for a freestream velocity of U∞ = 20 m/s (Rec = 2.6 × 105).
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Fig. 20. Spanwise coherence of the surface pressure, at the location x = 0.95c for Hinged Flap and Morphed Flap airfoils at angles of attack
α = 0◦ and 4◦ for a freestream velocity of U∞ = 20 m/s (Rec = 2.6 × 105).
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Fig. 21. Spanwise coherence of the surface pressure at the location x = 0.95c for Hinged Flap (solid line) and Morphed Flap (dashed line)
airfoils at angles of attack α = 0◦ and 4◦ for kc = 1 (circles) kc = 10 (asterisk) and kc = 20 (triangle).
5. Far-field Noise
Trailing-edge noise computations were performed using Curle’s acoustic analogy [34]. The source terms for the
Curle’s analogy are the surface pressure fluctuations acquired at every time step of the LES simulations for the last
10 FTT. The far-field noise calculations were made at 1.2 m above the trailing edge of both the airfoils and the sound
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pressure level results in reference to Pre f are presented in Fig. 22. The results at the angle of attack α = 0◦ show that
the sound level for the MF airfoil is up to 10 dB higher than the HF airfoil below f < 1 kHz. The noise levels for
frequency range higher than f > 1 kHz the difference between the HF and MF airfoil are insignificant. For α = 4◦, the
broadband noise is ≈ 5 dB higher for the MF airfoil compared to the HF airfoil below f < 800 Hz. This corresponds
to the increased spanwise coherence seen earlier in Figs. 20 and 21.
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Fig. 22. Acoustic prediction using Curle’s analogy, sound pressure level in dB reference to 2 × 105 Pa, at the location 1.2 m above the
trailing edge for Hinged Flap and Morphed Flap 4 airfoils at angles of attack α = 0◦ and 4◦ for a freestream velocity of U∞ = 20 m/s
(Rec = 2.6 × 105).
V. Conclusion
The aerodynamic and aeroacoustic performance of NACA 0012 airfoil fitted with Hinged- and Morphed Flap were
investigated using experimental and numerical techniques. The airfoil was tested for a flow velocity of U∞ = 20 m/s,
corresponding to a chord-based Rec = 2.6 × 105. Surface flow visualization, aerodynamic lift and drag measurements
and flow measurements using PIV technique were carried out to better understand the flow characteristics of the HF
and MF airfoils. The lift and drag measurements showed an increase of up to CL,max = 14% for the MF airfoil relative
to the HF airfoil. The CL/CD performance at low angles of attack showed an improvement of up to 6% for MF airfoil.
Surface flow visualization results showed delayed separation over the flap for the MF airfoil compared to the HF airfoil.
The mean velocity results showed increased wake deficit for the MF airfoil compared to the HF airfoil at the near-wake
locations x/c = 1.025, 1.05 and 1.10 along with increased flow turning angle at far-wake locations x/c = 1.20, 1.40
and 1.60. The results of the turbulent kinetic energy at the airfoil wake was up to 50% higher for the MF airfoil relative
to the HF airfoil for all the presented angles of attack. The turbulent kinetic energy displayed a characteristic double
peak behavior, which is also the major content of the streamwise normal Reynolds stress component (u′u′). The peak
values of the u′u′ can be observed close to the trailing edge point. The Reynolds shear stress component (u′v′) for the
MF airfoil is larger than that of the HF airfoil at the near-wake locations x/c = 1.025, x/c = 1.05 and x/c = 1.10 for
all the presented angles of attack. The MF airfoil shows improved CL/CD performance compared to the HF airfoil.
The increased turning angle for the MF airfoil results in the increased lift and the longer region of attached flow near
the trailing edge results in the reduction of form drag producing improved CL/CD for the MF airfoil. The surface
pressure root mean squared results from the LES showed increased fluctuations for the HF airfoil right after the flap
hinge point at x/c = 0.75 but the fluctuations move further downstream closer to the trailing edge for the MF airfoil.
The wall pressure spectra at close to the trailing edge show increased energy for the MF airfoil. The far-field noise
measurements were computed using Curle’s acoustic analogy and the results show increased noise for the MF airfoil
and this can be related to the increased pressure fluctuations that are close to the trailing edge for the MF airfoil.
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